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Abstract

Chen’s lattice inversion method is extended to calculate the interatomic potentials of the zinc-blende-type binary compounds with a
virtual lattice technique, which proposes a scheme to obtain non-empirical interatomic potentials from first principle calculations. In this
paper, the interatomic pair potentiad®,_,,, @;_g and @, _,, are obtained from the ab initio cohesive energy curves relevant to the three
distinct BN structures. The modified Stillinger—Weber (MSW) three-body potentials are determined by the dependence of the total energy
on the lattice distortion. Based on the calculated interatomic potentials, the structural properties and lattice dynamics of cubic boron

nitride (c-BN) have been evaluated.
0 2002 Published by Elsevier Science BV.
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1. Introduction

method have been successfully applied to some calculationso

on intermetallics with a variety of structures [10—20], such 51

The interatomic potentials are widely used in the
investigation of the structures, defects, and dynamical
properties of various materials. A number of empirical
interatomic pair-potential forms such as the rigid-sphere
model, Buckingham potential, Lennard—Jones potential,
Morse potential and Born—Mayer potential [1] etc., have
been developed. In the early 1980s, Carlsson, Gelatt, and
Ehrenreich (CGE) developed a non-experiential pair po-
tential with an iterative form [2], and this is the first
attempt to obtain the interatomic potentials from the
cohesive energy curves analytically. The CGE approach
has been applied to many calculation works with success
by only a couple of authors [3,4]. In 1990, a number-
theoretic Mobius inversion method [5,6] was applied
creatively to a few physical inversion problems, which
results in the solution to a series of problems such as the
capacity inverse problem [7], the lattice inverse problem
[8] and the inverse problems in astrophysics [9] etc. It is
worthy of mention that, in the application to the lattice
inverse problem [8,10], the modified Mobius inverse
formula brings forward an analytic method to obtain
reliable interatomic potentials from ab initio cohesive
energy curves, and the obtained potentials with this

as lattice dynamics [11-17], the field-ion microscopy
image of Fe Al analysis [18], the site preference of terresry
additions i Ni Al and Fe Al [19], the calculation of4
vibrational entropy for Fe—Al compounds [20], the si®
preference of foreign atoms in rare-earth intermetalics
[21-23], and so on. 57
In this paper, Chen’s lattice inversion method is extesd-
ed to the calculation of interatomic potentials in the ziag-

blende-type binary compounds with virtual structure teclso

nigue. The calculation of the interatomic potentials én
c-BN is taken as an example. c-BN is an artifieal
superhard material which has the highest hardness esaep
for diamond and has similar thermal conductivity amd
better chemical inertia relative to diamond. It is a promis
ing material for optoelectronic and microelectronic devices
under high pressure and high temperature or in an aggres
sive environment [24]. A variety of theoretical invess
tigations on c-BN have been presented during the past
decade [25-31]. For example, Wentzcovitch et al. [25,26]
studied its electronic and structural properties under diffet-
ent pressure, Rodriguez-Hernandez et al. [27] evaluatedthe
elastic constants and energy band structure of BN usingihe
total-energy pseudopotential technique with the local den-

sity approximation (LDA), Karch and Bechstedt [28] 75

* Corresponding author.
E-mail address: chennx@ustb.edu.cfN. Chen).

calculated the ab initio lattice dynamics of BN and BP 76
using a plane wave pseudopotential method within the 77
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density-functional theory, Parlinski [29] calculated the

lattice dynamics of BN by the density functional theory

and the direct method, and Leite Alves et al. [30] calcu-
lated the lattice dynamics of BN using a 10-parameter shell
model based on the first principle calculations.

causes the Coulomb interaction between B and N in aoo

following calculations. 101

In our calculations, the first principle norm-conserving2
pseudopotential with the LDA is used. The crystal wasve
function is expanded using the plane-wave basis set, sad

the cut-off energy for plane-wave is 780 eV. The electronic 105
minimization scheme is the density mixing with the 106
conjugate gradient (CG) method for eigenvalue minimiza- 107

2. Outline of the first principle pseudopotential
calculation

tion. In the calculation of the total energy and charge 108
density with density functional theory, a uniform meshkof 109

points in the irreducible Brillouin zone is produced by the 110

In this work, the virtual structure technique is adopted in
order to obtain the non-empirical interatomic pair po-
tentials in c-BN. We calculate the dependence of cohesive
energy (for three structures) on the lattice constants (see
Fig. 1) and the dependence of the total energy on lattice
distortion (see Fig. 2). The lattice constants, cohesive
energy, bulk modulus and elastic constants are obtained
based on the data of Figs. 1 and 2. The calculated data and
the comparison with the previous work are listed in Table
1. The Mulliken charge of c-BN is 0.@4which is taken as
the approximate effective charge of B and N in ¢c-BN and

Monkhorst—Pack scheme [32]. The quality of this repre1
sentation can be verified by increasing the dersity ofi12
points used in the mesh. The self-consistent iteration afithe
total energy is converged1@°®2eV/atom in our 114
calculations. To obtain the ab initio cohesive energy,itise
total energy at infinite lattice constant is set as the zeroi®f
cohesive energy. The total energy at infinite lattice con-
stant is the extrapolated value by fitting the curve ofithe
calculated total energy with lattice constants. Given the

fact that an accurate calculation method is still an expectat20

tion and the experimental cohesive energy data for Ill+M

Jas2e e

Model? (P42/mmc)

Lattice constant (A)

Cohesive energy (eV/atom)
A
1

-9

Fig. 1. The cohesive energy of BN (for three structures) obtained with the first principle pseudopotential technique. The ab initio value s o $adtnt,
cohesive energy and bulk modulus acquired from the cohesive energy curves of c-BN are listed in Table 1.
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Total energy V)
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351416

Total energy (eV)
&
5
h

-351.418

-351.4194

-351.420 . . " . ' -
89.0 895 900 905

()

Fig. 2. The dependence of the total energy on the lattice distortion
obtained by the first principle pseudopotential technique. The corre-
sponding ab initio values of,,, c,, C,, are listed in Table 1. (1)

o VS.a; (2)c=a,a=B=y=90, E

b=c=a, a=8=y=90, E
vs. &b); (3) a=b=c=a, B=y=90C, E,vs. a.

Table 1

910

compounds are so scarce up to now [33], the cohesive14s
energy based on the LDA is adopted in our calculation. 146

3. The interatomic potentials of c-BN 147
3.1. Chen’s lattice inversion method and the virtual 148
lattice technique 149

In general, any interatomic pair potential can be ob- 150
tained by strict lattice inversion from ab initio cohesive 151
energy [8]. Suppose that the cohesive energy of elementalis2
crystal can be expressed as the sum of interatomic pair153

potentials:

L
U = 5.2 o) AbonX)

154

(D 155

where x is the nearest-neighbor distancey(n) is the 156
number of thenth set of lattice pointsb,(n)x is the 157
distance of thenth set of lattice points®(x) is the pair 158
potential function. The serie,(n)} can be extended into 159
a multiplicatively closed semi-groufb(n)}. Then Eq. (1) 160

can be written as

L
U =5 2 r(n) Db

where
() = {ro(boltb(n)l) b(n) € {b(n)}
0 b(n) & {by(n)}

161

(2) 162
163

(3) 164

Thus the pair potential from inversion can be written as 165

P(x) = 2§ll<n>U(b<n>x>

wherel(n) is determined by

FaoreLag ])=a

(4) 166
167
(5) 168

There are three types of pair-potentiabs_,, &,_, and 169

@,_,, for c-BN. It is unreasonable to apply the potentials 170
&, , and @,_, obtained from the elemental crystal 171
directly to the c-BN due to the difference of bond-types. 172

Comparison of calculated properties for c-BN in this paper with those in previous work

Previous works Ab initio The values by interatomic po-
tentials

[40] [30] [27] [25] values Pair only Pair and 3-body
Lattice constanto(A) 3.6155 3.625 3.575 3.606 3.5681 3.581 3.581
Cohesive energy (eV/atom) 8.677 8.605 8.605
Bulk modulus (18" N/rh ) 3.71 4.1 3.67 4.038 4.037 4.037
Elastic constants Ciy 7.12 8.44 7.824 3.792 7.832
(13* N/nf) Cy, 1.9 1.852 4.159 2.139

Cus 4.83 5.234 1.269 4.505
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Firstly, we suppose the potentials are transferable betweenrable 2 178
the structures with space grou5§3m and P42 /mme. It is The parameters of the interatomic pair-potentials for c-BN. The effective 1
seen from Fig. 1 that the N sub-lattice and the relative charge of the B and N atom is0.6%, respectively 10
displacement of N and B atoms in motlel are identical to B-8B N-N B-N 182
that in modet , respectively. So the cohesive energy D, (V) 2.028 2.030 4575 184
difference at the same lattice constant between model and« (1/A) 1.707 2.457 1.959 185
modef is determined only by the interatomic interaction R (A) 2.113 2.108 l4rz 186
@, .. Based on the cohesive energy difference with £ () . 2.801 2.801 2801 187

. . A . . Reutorr (A) 10.3 10.3 10.3 188
different lattice constants, the interatomic potentgl ; is

obtained using Chen’s lattice inversion method. Similarly,

@, _n can be obtained from the cohesive energy difference

between modél and model . Subsequently, the potential conditions of a cubic crystal, i.€; >0 andc,, — ¢,,>0, 221
@, _\ can be calculated by the dependence of the cohesivewhich results in the zinc-blende structural ‘collapse’ for a 222
energy of c-BN on the lattice constants. Then all the small vibration of the atoms. So the three-body term, a 223
necessary interatomic pair potentials are obtained employ-supplement to the isotropic two-body potentials, is neces- 224
ing Chen’s lattice inversion method. The results are shown sary for the accurate description of the interatomic interac- 225
in Fig. 3. It is appropriate that the interatomic pair tions in zinc-blende structure. In this paper, the MSW 226
potentials®,_g, d,_, and &y _,, can be described approxi- [34,35] three-body potential is adopted as a necessary227

mately by the following function modification to the pair potentials 228
o) ety QO (T
Dy 5_py = Do 2RI — 2g7(7R0) +#€O$erfc(ﬁ> X 229
(6) {/\, exp [ 0 Z{rf) + (f.kﬁf.c) ] (cosd, —cosfj)® 1, <rfandr, <r; 230
Qz r 0 otherwise

@ =Dg “" R4 —Berfc<—> 7
p(B—B or N—N) &£ dareyr 3 (7) (8) 231
wherer is the interatomic interaction distandg,, «, R,, where);, ¥, i and 6}, are constants ang}, is the angle 232
B are the potential parametel®; and Q,, the Mulliken subtended by; andr;, with the vertex ai. The function 233
charge obtained from the first principle calculation, are the @(r;, r;,, ;) determines the three-body contribution to 234
approximate effective charge of B atom and N atom, atdhmat comes from the effect between three atds 235
respectively, and erfg] is the complementary error func- akdwith i as the central atom arjdandk as two of its 236
tion. The pair potentials are shown in Fig. 3 and Table 2. covalently bonded neighbors. The vafuis dfetween 237
the value of nearest distance and value of next-nearest3s
3.2. Determination of three-body potentials for c-BN distance. MSW three-body potential is widely applied in 239
investigations such as the surface, interface, defect, me-240
From Table 1, one can see that c-BN under the pair chanical property and melting etc. [34,35]19;]-,!@!56, 241

potentials interaction does not satisfy the Born stability arceok/B). Obviously, MSW three-body potential has 242

Interatomic distance (A)

Interatomic potentials (eV)
o = N
1 1
| _—O

Fig. 3. The interatomic pair potentials of B—B, N—N and B—N acquired from ab initio cohesive energy curves in Fig. 1 with Chen’s lattice inversion
method. ©, a, v correspond to the data by Chen’s lattice inversion method, and the line is the fitted result of formula (6) or (7)).
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Table 3 1
The parameters of MSW 3-body potentials for c-BN s LO Lo
N-B-N B-N-B 30_' TO

A (V) 943.710 1287.96 T0
¥ (A) 1.5415 1.5415 N %5
re (A) 2.0867 2.0867 =

: 20 4 LA

2 LA

8 15
no contribution to the cohesive energy either for the zinc &
blende structure with space gro&@d3m or for the virtual 10 TA TA
structures with space group42/mmc. It operates only 5
when the atom deviates from the lattice points or has the [100] [110] [111]
trend to deviate. So the adoption of MSW three-body 0 — T T T . .
potential can be logically self-consistent with our previous oo ' Oqs ° oo 254
pair potential calculational method. i ) ) ) )

Based on the pair potential parameters, the contribution Fig. 4 The c¢-BN phonon dispersion calculated py the mtergtomm 2
. . . ! ; potentials and Born—von Karman model (the experimental data in Ref.

of the pair potentials to the elastic constants is calculated. [30] gives 02 =39.12 THz,0®} =31.62 TH2). 257

Furthermore, the components of the elastic constants
contributed by three-body potentiad§ ; o4, = Cjj = Cij pair

are evaluated using the ab initio values@f Then the
MSW three-body potential parameters are determined by
fitting the ¢ 5 ,,4,, The results are listed in Table 3.

the effective charges of the B atom and N atom are3oo
increased and the electrostatic interaction is summeda3with
the Ewald method [36]. However, the use of the adjustaldez

effective charge will not preserve the characteristics of 303
obtaining the interatomic potentials from the ab initio 304

4. The application of interatomic potentials in c-BN calculations without any disposable parameters in this 305
work. 306
4.1. Basic check In general, the interatomic effect is very complex, 307

guantum theory is indispensable for a strict analysis of this 308

The lattice constants, bulk modulus and the elastic
constants of c-BN are evaluated according to the calculated
interatomic potentials. The results are listed in Table 1.

effect. Effective interatomic potentials are limited for aoe
accurate description of this effect, particularly for e
long-distance interatomic effect [37]. The lattice vibratigmn

is a dynamic quantity, and during vibration, the dipole and 312

4.2. The lattice dynamics for c-BN

guadrupole moments will occur and interact with each 313

other. But this interaction is not covered in our interatomic 314

Many researchers have studied the phonon spectra of the

materials with 1ll-V compounds. They measured the
phonon spectra by nonelastic neutron scattering, then

through constructing an empirical model and adjusted the 5. Discussion

interatomic force constants to match their calculation to
experiments. Others determined the force constants by a
first principle calculation. In general, a better fitting needs
11-14 near-neighbor interatomic force constants. These
methods result in uncertainty for the forms and values of
the interatomic force constants to some extent. In this
paper, based on the interatomic potentials without dispos-
able parameters obtained from Section 3, the phonon
dispersion of c-BN is calculated using the Born—von
Karman model (see Fig. 4).

In our calculation, the Mulliken charge is taken as the
effective charge of the B atom and N atom and the
screening Coulomb potential is employed to describe the
electrostatic interaction approximately. This approximation
results in the degeneration of phonon LO and TO fre-
guencies atj=0, as given in Fig. 4 while the experimental
results show that the LO and TO are split. The deviation of
the calculation from experiments will be eliminated when

potentials. 315

316

It has been an intractable problem to obtain the ister-
atomic potentials of binary alloys and compounds. Gersg-
ally, the interatomic potentials of the element crystal3zge
directly transferred to the alloys, which are verified asz2a
feasible approximate method by calculations [10,18-22].
However, for covalent and ionic crystals, the same trasgfer
is not appropriate due to the large difference between2the
bond-types. The investigation of the interatomic potentiata
for ionic crystals is only limited in the empirical scheme.325
For example, a common model is the Buckingham pes
tential or the Lennard—Jones potential attached to 3w
Coulomb potential [38,39]. 328
This paper has presented an exact inversion methogbdo
analytically obtain the interatomic pair-potentials for meso
terials with the zinc-blende structure based on first prin@si
ple calculations. The uncertainty in the empirical mettaad
to determine potential parameters is eliminated. Partiges
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larly, the introduction of the virtual lattice structures is
creative in obtaining the interatomic potentials from the
calculated cohesive energy by a first principle calculation
with Chen’s inversion method.

In this paper, based on the two-body and three-body

interatomic potentials mentioned above, the phonon disper-

sion of c-BN is evaluated with the Born—von Karman

model. In our calculations, the screening Coulomb po-
tential is employed to describe the electrostatic interaction
approximately. The many-body interaction is simplified as
MSW three-body potentials. These approximations may
result in a little difference between our calculations and

experiments. For lattice dynamics of BN, there are some
excellent studies based on first-principles calculations by [21] v. wang, J. Shen, N.X. Chen, J.L. Wang, J. Alloys Comp. 319

Parlinski [29], Karch, Bechstedt [28] and Leite Alves [30].
However, in this paper, Chen’s lattice inversion method is
extended to obtain the interatomic potentials of IlI-V

compounds. It does open a door to expediently explore the
structural, mechanical and thermodynamical properties of

these materials based on ab initio calculations without
disposable parameters.
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